We present spectral energy distributions (SEDs) for 68 Herschel sources detected at 5-σ at 250, 350 and 500 µm in the HerMES SWIRE-Lockman field. We explore whether existing models for starbursts, quiescent starforming galaxies and for AGN dust tori are able to model the full range of SEDs measured with Herschel. We find that while many galaxies (∼ 56%) are well fitted with the templates used to fit IRAS, ISO and Spitzer sources, for about half the galaxies two new templates are required: quiescent ('cirrus') models with colder (10-20 K) dust, and a young starburst model with higher optical depth than Arp 220. Predictions of submillimetre fluxes based on model fits to 4.5-24 µm data agree rather poorly with the observed fluxes, but the agreement is better for fits to 4.5-70 µm data. Herschel galaxies detected at 500 µm tend to be those with the very highest dust masses.
INTRODUCTION
The combination of Herschel (Pilbratt et al 2010) and Spitzer data provides us with the first 3-500 µm spectral energy distributions of large samples of galaxies, so that we can determine accurately the masses of cold dust present in a substantial sample of galaxies and search for very young, heavily obscured starbursts. The HerMES wide-area surveys (Oliver et al 2010a) have been targeted on fields in which we have excellent Spitzer data.
Over the past twenty years increasingly sophisticated radiative transfer models for different types of infrared galaxy have been developed, for example for starburst galaxies (Rowan-Robinson & Crawford 1989 , Rowan-Robinson & Efstathiou 1993 , Silva et al 1998 , Efstathiou et al 2000 , Takagi et al 2003 , Siebenmorgen & Krugel 2007 , AGN dust tori (Rowan-Robinson & Crawford 1989 , Pier & Krolik 1992 , Granato & Danese 1994 , Efstathiou & RowanRobinson 1995 , Rowan-Robinson 1995 , Nenkova et al 2002 , 2008 , Fritz et al 2006 , Hönig et al 2006 , Schartmann et al 2008 , and quiescent ('cirrus') galaxies (Rowan-Robinson 1992 , Silva et al 1998 , Dale et al 2001 , Efstathiou & Rowan-Robinson 2003 , Dullemond & van Bemmel 2005 , Piovan et al 2006 , Draine & Li 2006 , Efstathiou & Siebenmorgen 2009 . Each of these model types involves at least two significant model parameters so there are a great wealth of possible models, particularly as a galaxy SED may be a mixture of all three types.
Rowan- Robinson and Efstathiou (2009) have shown how these models can be used to understand ⋆ Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. † E-mail: m.rrobinson@imperial.ac.uk the interesting diagnostic diagram of Spoon et al (2007) for starburst and active galaxies, which plots the strength of the 9.7 µm silicate feature against the equivalent width of the 6.2 µm PAH feature for 180 galaxies with Spitzer IRS spectra. Increasing depth of the 9.7 µm silicate feature is, broadly, a measure of the youth of the starburst, because initially the starburst is deeply embedded in its parent molecular cloud. The detailed starburst model of Efstathiou et al (2000) shows the evolution of the starburst SED through the whole history of the starburst, from the deeply embedded initial phase through to the Sedov expansion phase of the resulting supernovae. However Rowan-Robinson and Efstathiou did find that there was some aliasing between young starbursts and heavily obscured AGN: the submillimetre data of Herschel can help to break this ambiguity, since young starbursts are expected to be much more prominent in the far infrared and submillimetre than AGN dust tori.
Often, however, we have only limited broad-band data available and in this situation it is more illuminating to use a small number of infrared templates to match the observed infrared colours (eg RowanRobinson and Crawford 1989 , Rowan-Robinson 1992 , 2001 , Rowan-Robinson and Efstathiou 1993 , RowanRobinson et al 2004 , 2005 , 2008 . A set of just four templates (a quiescent 'cirrus' component, M82-and Arp 220-like starbursts, and an AGN dust torus model) have proved remarkably successful in matching observed ISO and Spitzer SEDs, including cases where Spitzer Infrared Spectrograph (IRS) data are available (Rowan-Robinson et al 2006 , Farrah et al 2008 , Hernan-Caballero et al 2009 . In this paper we explore whether this simple four-template approach works for galaxies detected by the SPIRE array (Griffin et al 2010) on Herschel, and what additional infrared components may be present. Photometry in the SPIRE bands was carried out via a linear inversion of the SPIRE maps, using the positions of known 24 µm sources and the SPIRE point-source response function (PSF) as an input. The PSF was assumed to be a Gaussian with full width to half power of 18.2, 25.2 and 36.3 arcsec at 250, 350 and 500 µm respectively. The 24 µm input catalogue was optimized to alleviate concerns about overfitting. The method and description of the catalogue are presented in Roseboom et al. (2010) . In the 5 sq deg SWIRE-Lockman area, 5225 sources were detected at 5-σ in at least one band and 2367 of these are associated with sources in the SWIRE photometric redshift catalogue. We have focused on the 70 sources detected at 5-σ in all three SPIRE bands, which also satisfy some further restrictions. Specifically, we use the recommended selections described in Roseboom et al. (2010) which ensure robust solutions from the inversion process, i.e. low χ 2 and minimal correlations with neighbouring sources. This is essentially a 500 µm selected sample, with a flux-limit ∼27mJy. The combination of PSF fitting, the choice of 24 µm targets only, and the elimination of confused sources, allows us to reach fainter fluxes than would be possible in an unbiassed survey. Our requirement of association with a SWIRE 24 µm source discriminates against sources with S(500)/S(24) > 200, and our requirement of an entry in the SWIRE Photometric Redshift Catalogue discriminates against sources with z> 1.5. Selection at 500 µm favours galaxies with cooler dust, than say selection at 70 or even 250 µm. From HerMES counts at 500 µm (Oliver et al 2010b) we deduce that there should be 124±16 500 µm sources brighter than this flux in the 5 sq deg area of this study. Thus our sample represents 46-66% of the total 500 µm population. The remaining sources are presumably fainter than the the limit of the SWIRE optical photometry (r∼25) or the SWIRE 24 µm limit (S(24) ∼ 100µJy). Since confusion is an 1 hermes.sussex.ac.uk issue, particularly at 500 µm, we have carefully examined all 24-µm sources within 40" of SPIRE sources to assess whether these neighbours could have contributed significantly to the 500 µm flux. We eliminated 2 of the 70 sources as having neighbours likely to have contributed > 30% of the 500 µm flux. Rowan-Robinson et al (2008) and are shown at full resolution in the SED plots. The optical types given in Table 2 are optical template types only and contain no morphological information. None of the 68 objects are radio-loud AGN and none show evidence for non-thermal emission at 3.6-500 µm.
SPECTRAL ENERGY DISTRIBUTIONS OF HERSCHEL GALAXIES
While the four standard infrared templates work well for many sources, the 350 and 500 µm fluxes often require the presence of colder dust than is incorporated into our four basic templates. The two new templates used here are taken from the range of optically thin interstellar medium ('cirrus') templates developed by Rowan-Robinson (1992) and Efstathiou and Rowan-Robinson (2003) . The key parameter determining the temperature of the dust grains is the intensity of the radiation field, which we can characterize by the ratio of intensity of radiation field to the local interstellar radiation field, ψ. The standard cirrus template corresponds to ψ = 5, and this is the value used by Rowan-Robinson (1992) to fit the central regions of our Galaxy. ψ = 1 corresponds to the interstellar radiation field in the vicinity of the Sun. We also find that some galaxies need a much lower intensity radiation field than this, with ψ = 0.1. The corresponding grain temperatures in the dust model of Rowan-Robinson (1992) are given in Table  1 . For the two new templates, the range of dust grain temperatures are 14.5-19.7 K and 9.8-13.4 K respec- tively. Full details of the templates used are given at http://astro.ic.ac.uk/ ∼mrr/spire/templates
The need for cooler dust templates can also be seen clearly in a plot of S(500)/S(24) versus redshift (Fig 7) , in which the predictions of different templates are shown. At z< 1, a significant fraction of galaxies require colder dust than the standard cirrus model. Hints of this population were seen at z< 0.4 in the plot of ISO 175/90 µm flux ratio versus redshift ( (350)). All are at redshift > 0.9 and 10 have z> 1.5. Six, which are given as lower redshift (<0.5) in the SWIRE photometric redshift catalogue, clearly require higher redshift to fit their SEDs. In each of these cases the photometric redshift was based on only two photometric bands, so of very low reliability. The adopted redshifts for these six galaxies are indicated in brackets in Table 1 with only two significant figures. The remaining photometric redshifts appeared plausible from the SED fits. 5 of the 68 sources are '500 µm peakers' (S(250) < S(350) < S(500)): all of these are at z> 0.9 and 3 are at z> 1.5. So 350 and 500µm peakers are a reasonably good indication of high redshift. However the range of infrared template required makes any determination of redshift from Herschel data alone problematic. The six templates ψ=0.1 cirrus, ψ=1 cirrus, ψ=5 cirrus, Arp 220 starburst, t=0 starburst, and M82 starburst, have their νSν peaks at 202, 136, 102, 73, 63 and 53µm, respec-tively, which could give rise to a range of a factor 3.8 in the determined (1+z).
For a few sources plotted in Figs 1-6, the 500 µm point lies higher than the template fits. This is probably due to residual effects of confusion at 500 µm. Four sources in Figs 6 and 8 have observed fluxes highly discrepant with the models, three of which are Spitzer 70 µm fluxes. These require further investigation.
Since only one of the 3-band sample has z>3, we have selected all SWIRE-Lockman galaxies with z>3 detected at 5-σ at 250 and 350 µm. There are 15 of them (including the 3-band source) and Fig 8 shows SEDs for 11 of them. 500 µm fluxes are included ifthey are better than 3-σ. 9 are hyperluminous (Lir > 10 13 L⊙) M82-like starbursts, 4 of these with AGN dust tori, and just 2 are Arp220-like starbursts. None of these z> 3 galaxies show evidence of the cold dust components seen at lower redshift but this is an effect of the redshift, since the rest-frame wavelength corresponding to the SPIRE bands is at ≤100 µm. We show a young starburst fit for one of the objects (see below). It would be an acceptable alternative to the M82 starburst fit for this object and perhaps for a couple of others. Additional photometry will clarify this ambiguity. The other templates are reasonably distinct in their peak wavelength (see Table 1 ) so less susceptible to aliasing. Where the 500 µm fluxes are less than 3-σ we have checked that the model fits are consistent with the 3-σ limits.
To search for young starbursts, previously indicated by IRS spectra with very deep silicate features (Rowan-Robinson and Efstathiou 2009), we show a plot of S(70)/S(24) versus redshift for the 360 sources detected at 5-σ at 70, 250 and 350 µm, compared with the predictions of existing templates (Fig 9) . There is a clear population of sources showing deeper 10 µm absorption than the Arp 220 template and we have modelled the SEDs of a selection of these in Fig 10. All 9 sources have very similar SEDs, with warm 100-500 mum colours but relatively weak 24 µm fluxes, and are well-fitted with a very young starburst model. Sources in the redshift range 1.35-1.45 for which 24 µm would fall in the deep silicate absorption, would be discriminated against by their faintness at 24 µm. To confirm the reality of this component we need to obtain SPIRE photometry of sources identified as having very deep silicate features from Spitzer IRS observations. To identify these young starbursts we need both Spitzer and Herschel data. They can be masked by additional cirrus emission in the galaxy, as in the case of 161.34665+57.51625 in Fig 1 . Figure 11 shows infrared luminosity versus redshift for all the infrared components listed in Table 2 . If a galaxy is fitted with several components, each is shown separately here. Cirrus components, including the new colder templates, are seen at redshifts out to 1.7 and at luminosities up to ∼ 10 12 L⊙. Higher redshift galaxies may also have cool dust components, but we would need photometry at λ > 500µm to characterize them. Higher luminosity sources are generally M82 or A220 starbursts, but the latter do not dominate amongst hyperluminous (Lir > 10 13 L⊙ galaxies. The young starbursts are seen at z= 0.2-1.1 and are amongst the highest luminosity objects in their redshift range, but this is partially a selection effect because of the requirement of a 70 µm detection. Young starbursts may also be present in higher redshift objects (see eg Fig 8) , where additional photometry would be needed to eliminate aliasing with an M82 starburst.
We can compare the predicted submillimetre fluxes from the SWIRE Photometric Redshift Cata- Figure 4 . SEDs for SWIRE-Lockman 3-band galaxies with 1 < z< 1.5. logue template fits with the observed Herschel fluxes. Figure 12 shows this comparison at 250 µm for fits based on 4.5-24 µm data only and for fits based on 4.5-70 µm data, in both cases restricting to sources detected with at least 5-σ at 250 µm and excluding sources with infrared SEDs dominated by an AGN dust torus. The 4.5-70 µm fits show some correlation, with a tendency to underestimate the fluxes because of the failure to account for colder dust. The average value of log10(S(250) obs /S(250) pred ) is 0.075, corresponding to a mean underestimate by a factor 1.2, with an rms scatter of 0.38 dex. Predictions based on 4.5-24 µm only data show a larger scatter compared with the observed fluxes. The average value of log10(S(250) obs /S(250) pred ) is 0.37, corresponding to a larger mean underestimate by a factor 2.35, with an rms scatter of 0.51 dex. This reflects the fact that there was no possibility of predicting the presence of 10-20 K dust from observations at 4.5-24 µm. Note that these mean ratios are biassed by the observed 250 µm flux-limit. The correlation is much worse at 500 µm. Elbaz et al (2010) address a slightly different issue, how well the bolometric luminosity, derived at 100-500 µm, is correlated with the 24 µ luminosity. They found a good correlation, but also that 250 and 350 µm monochromatic luminosities deviated (on the high side) from their template predictions (their Fig  2) . Our explanation for that deviation is the presence of the new cold dust components.
DISCUSSION
By combining Herschel 250-500 µm data with Spitzer 3.6-160 µm data we have demonstrated the presence of two new infrared components in galaxy SEDs: a colder quiescent ('cirrus') component, and a very young starburst component. Local IRAS galaxies with colder cirrus than our standard ψ = 5 cirrus template were discussed previously by Rowan-Robinson (1992) . Cooler dust was also inferred from ISO 200 µm mapping of 8 nearby galaxies by Alton et al (1998) . They inferred a grain temperature of 18-21 K for this extended, colder component. Here we find cooler dust to be present to a much higher range of luminosities (10 12 L⊙) and redshift (1.7). Cold dust could be present in high redshift (z > 3) galaxies but would be observable only at wavelengths > 500µm. The possibility that a significant fraction of galaxies detected at 850 µm could be fitted by a cirrus template was highlighted by Efstathiou and Rowan-Robinson (2003). The new colder cirrus templates we are using here have dust grains at temperatures 10-20 K for different grain types (see Table 1 ). Colder dust implies lower surface brightness illumination, and therefore more extended emission than the standard templates.
We have estimated the dust and stellar masses for these 68 galaxies, using the prescriptions of RowanRobinson et al (2008) . The star-formation histories used to generate the optical templates yield the ratio of bolometric (or monochromatic) luminosity to stellar mass at z = 0. Rowan-Robinson et al (2008) give a simple prescription to correct this ratio at earlier times for the effects of passive stellar evolution. The radiative transfer models for the infrared templates predict the ratio of bolometric infrared luminosity to dust mass. Figure 13 shows dust mass versus stellar mass for Herschel galaxies compared with the distribution for Spitzer-SWIRE galaxies. All the galaxies with M dust < 3 × 10 8 M⊙ have z<0.3. Apart from these low redshift, low luminosity, lower dust mass galaxies, Herschel 500 µm galaxies tend to be those galaxies with the very highest dust masses amongst the galaxies detected by Spitzer. Assuming standard gas-to-dust ratios, they must have exceptionally high ratios of gas mass to stellar mass.
At low redshifts (z<0.2) and luminosities (Lir < 10 11 L⊙), we find Lir < Lopt, consistent with emission from an optically thin interstellar medium. However at higher redshifts and luminosities we find cirrus components with Lir/Lopt ranging up to 5, suggesting an optical depth in cold dust τuv at least 1-2. For 41 of our 68 galaxies we infer dust extinctions in the range AV = 0.2-2, corresponding to an ultraviolet (1000Å) optical depth τuv ∼ 1-10 for normal Galactic dust. This is consistent with the values deduced by Buat et al (2010) from comparison of SPIRE and Galex data. However we also have 9 examples of galaxies at z= 0.4-1.1 with cirrus components with high Lir/Lopt, but in which the optical starlight appears unreddened, including 5 fitted with elliptical galaxy templates in the optical. We have to presume illumination of the cold dust is not by the stars contributing to the optical continuum, but by an obscured stellar population. For normal Galactic dust, the spatial scale of the dust must be tens of kiloparsecs. A Spitzer population of elliptical galaxies with Lir > Lopt was discussed by Rowan-Robinson et al (2008, see Fig 20) . The optical and infrared components seem to be unconnected with each other, perhaps reflecting a galaxy merger. Another possibility would be that the optical galaxy is lensing a background submillimetre galaxy.
Very young starbursts were invoked by Rowan- Robinson and Efstathiou (2009) to understand the galaxies with deepest silicate absorptions in their IRS spectra. The combination of it Herschel and Spitzer data allow us to identify very young starbursts from their spectral energy distribution, even where we do not have detailed mid-infrared spectroscopy, and hold out the prospect of determining an age sequence Figure 13 . Dust mass versus stellar mass for Herschel-SPIRE galaxies (large filled circles), compared with distribution for SWIRE Photometric Catalogue (small yellow circles).
among starbursts. So far we have identified these only to z ∼ 1, but this is a selection effect due to the need to have a SWIRE 70 µm detection. Larger samples at z > 2, and photometry over the full range of wavelength from 70 to 1100 µm, will be needed to characterize the evolution of these different populations.
The range of infrared templates required to understand the 4.5-500 µm SEDs, with a range of factor 3.8 in their peak wavelength, makes it hard to determine useful redshifts from submm data alone. However sources whose SEDs peak at 350 or 500 µm are likely to have z> 1.
The requirement of association of our sample with the SWIRE photometric catalogue biases our sample against higher redshift ( > 1.5) since many higher redshift galaxies would be too weak at 24 µm to be in the SWIRE sample or too faint optically to acquire photometric redshifts. Our sample contains 23 galaxies with z> 1.5: the true number in a complete sample would be ∼80. Even so we confirm the result of Clements et al (2008) that there is a strong tail in the redshift distribution of submillimetre galaxies to lower z. The data presented in this paper will be released through the Herschel Database in Marseille HeDaM 2 . 
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